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Motivated by the mounting evidence for dark energy, here we explore the consequences of a 
fundamental cosmological constant A for our universe. We show that when the gravitational entropy 
of a pure DeSitter state ultimately wins over matter, then the thermodynamic arrow of time in our 
universe must reverse in scales of order a Hubble time. We find that due to the dynamics of gravity 
and nonlocal entanglement, a finite size system such as a DeSitter patch with horizon size Hq^ has a 
finite lifetime At. This phenomenon arises from the dynamic gravitational instabilities that develop 
during a DeSitter epoch and turn catastrophic. A reversed arrow of time is clearly in disagreement 
with observations. Thus we are led to conclude: Nature forbids a fundamental A. Or else general 
relativity must be modified in the IR regime when A dominates the expansion of the Universe. 

PACS numbers: 98.80.Qc, 11.25.Wx 



We live in a world that has an arrow of time. The 
second law of thermodynamics states that the Uni- 
verse mtist have started in an extremely low entropy 
state. Low entropy states are but a small subset of the 
general phase space for the initial conditions. Penrose 
argued that this seems to make the choice of our Ini- 
tial Conditions very special indeed. The loophole in 
the above argument lies on eliminating the possibility 
of some dynamic selection being at work. Statisti- 
cal mechanics estimates, often used in literature, can 
quantify the Penrose statement: the probability to 
have an initial patch inflate at some high energy scale 
Ai goes as P ~ e^' where the entropy Si = S/A^. This 
expression indicates that a GUT scale inflating patch 
like ours, is the most special and unlikely event to have 
started the universe, as likely as 1 part in 10^° . Yet 
without this low entropy we can't explain the observed 
arrow of time. 

In Ts] we proposed a new approach, based on the 
quantum dynamics of the gravitational degrees of free- 
dom (D.o.F), for the investigation of the Initial Condi- 
tions. We showed how the dynamics of the combined, 
matter -|-gravity system, is out-of equilibrium and how 
this breaks ergodicity. The compression of the phase 
space into only a small region of initial conditions cor- 
responding to low entropy and high energy inflation 
resulted in the emergence of a new superselection rule 
for Initial Conditions. The superselection of high en- 
ergy patches from the non-ergodic phase space helped 
us understand why we have to start from extremely 
low entropies, thereby with an arrow of time. 

Let us briefly highlight the dynamics of the com- 
bined system below as it becomes relevant again for 
the late time accelerating Universe. The basic mech- 
anism that picks out the high energy 'corner' in the 
phase space is the following: gravitational D.o.F, here 
corresponding to the degrees of freedom on the DeSit- 
ter horizon Hq ~ -s/A, comprise a 'negative heat ca- 
pacity' system, therefore gravity tries to reach equlib- 
rium by tending the spacetime to infinity; matter is 



a 'positive heat capacity' system and thus goes to- 
wards equilibrium by collapsing; the dynamics of the 
combined system, matter -|-gravitational D.o.F, is an 
out-of equlibrium system with two opposing tenden- 
cies 'fighting' to expand or collapse the patch, which, 
depending upon which one wins, can result in a col- 
lapsing initial patch, thus creating irrelevant Initial 
Conditions for starting a universe or, if gravity 'wins' 
in an expanding initial patch which result in a phys- 
ically relevant Initial Condition that gives birth to a 
universe. We belong in the latter, the 'survivor uni- 
verses' case. The entropy of the 'survivor universes' 
given by the Euclidean action of the system, is mod- 
ified by gravity and in fact even less than its equi- 
librium expression, due to the out-of equilibrium dy- 
namics. Entropy is given roughly by log of the vol- 
ume in phase space. The modified entropy is then 
a direct consequence of the reduction of the relevant 
phase space to a small 'corner' of its initial volume 
that contains the 'survivor universes' only. 

It is possible that our Universe may be going 
through inflation again at late times. If true, then 
the dynamics of the gravitational degrees of freedom 
is expected to play a major role again at late times. 
Within the framework of our proposal that becomes 
relevant in this case as here, we would like to ask: 
What is the ultimate state of such A-universe and can 
it achieve equilibrium? 

Current astrophysical observations provide convinc- 
ing evidence that our universe is indeed accelerating 
again at recent times, this time at an energy scale 
A ~ (IQ^'^eV)^. Determining whether a pure vacuum 
energy A or some dynamic mechanism is at work is 
of paramount importance and intrinsically related to 
understanding and predicting the future evolution of 
our universe. But, it is well known that cosmological 
observables are observer dependent. Thus we need 
to define our observer. A key point to keep in mind 
is that in order to meaningfully ask questions about 
the selection of our Initial and Boundary Conditions, 
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quantum numbers or constants of nature, we need to 
rely on a super-observer, defined as the one that Uves 
in the multiverse of the landscape or equivalently in 
the allowed relevant part of the phase space. In short 
we need an out-of-our box observer in order to com- 
pare posssible choices IJ, |25|, |3l| . A local internal ob- 



server, defined as the one bound to our casual patch 
('box'), is always surrounded by the horizon thus (s)he 
can never observe or be aware of the existence of other 
patches outside the horizon. It is impossible for the 
internal observer to ask questions about the selection 
of our initial and final conditions and our constants of 
nature because (s)he is forbidden to ever know that 
possibilities other the universe (s)he observes, may ex- 
ist. Using the higher multipoles as the super-observer, 
in this letter we explore the implications of the pro- 
posal in for the late time acceleration of the uni- 
verse. 

We show below how the final destiny of a DeSit- 
ter universe is to become quantum again, roughly in 
times of order Hubble time, thereby reversing its ther- 
modynamic arrow of time at the turning point of its 
classical trajectory. We will refer to the transition to 
a quantum state as recoherence of the wavepacket. 
The details of the quantum state near the turning 
point depend on the boundary conditions chosen for 
the wavefunction which are important for the puz- 
zle of the agreement between a thermodynamic and 
a cosmological arrow of time. We do not embark upon 
this puzzle here. The key point in this work is the fact 
that the Universe becomes quantum while it is trying 
to reach the thermal equilibrium of a pure classical 
DeSitter state and thus it never reaches this equilib- 
rium. We investigate how the universe transits into 
the quantum state when it approaches a pure DeSit- 
ter state and how this transition affects the thermo- 
dynamic arrow of time. We argue on these basis that 
within the framework of general relativity as the the- 
ory of gravity, nature forbids the existence of Desitter 
spaces, i.e of a pure fundamental constant A. We then 
speculate in the discussion section that that leaves us 
either with the possibility of a t emp orary bleep of ac- 
celeration due to some dynamic |27| or transplanckian 
[2^ mechanism or, to the conclusion: if we must have 
A then we must have a new theory of gravity in the 
IR regime which replaces general relativity 28 1. 



THERMODYNAMIC ARROW OF TIME DOES 
NOT ALLOW DESITTER SPACE 

Suppose we do have a new fundamental scale at 
low energies in our Universe, the DeSitter horizon 
Hq ~ -y/S/A, given by a pure vacuum energy A ~ 
(lO^^eV)^. Observations will soon pin down the equa- 
tion of state w for dark energy, thus distinguishing 
between a pure A and a dynamical mechanism. Ob- 



servationally we also know and agree that we have 
an arrow of time, pointing from past to future, deter- 
mined by the direction of the entropy growth. What 
does the constant horizon entropy of the final state of 
the ACDM universe imply for the arrow of time and 
ultimately for the DeSitter universe? 

Based on the assumption that dark energy is a fun- 
damental A, it seems that we ultimately must end in 
a DeSitter space. Gravity ultimately wins Q for the 
following reasoniin contrast to the entropy of DeSit- 
ter space which remains eternally a finite constant, 
not only does matter dilute with time, 33 but, as we 
accelerate, parts of our spacetime lose causal contact 
with each other, swallowing matter with them. Ad 
infinitum we lose all the matter from our universe in 
this manner and the entropy contribution associated 
with it. Ultimately the only entropy component left 
is the gravitational one associated with the DeSitter 
horizon. Unlike Black Holes, a DeSitter horizon does 
not evaporate away. Matter provides the environment 
that ensured decoherence, thus the Gaussian suppres- 
sion of width flR~^ in the off-diagonal elements of the 
density matrix p, see also EqUg), which de- 

scribe how fast our (patch) vacua </> decoheres and be- 
comes classical, p ~ ^"^""^ •* . Decoherence and 
the appearance of a classical world comes about from 
the backreaction of the environment on our branch of 
the wavefunction \I'(a, 0). Losing causal contact with 
matter seems to imply that we reach thermal equi- 
librium by evolving in a pure DeSitter state since we 
lose the environment and the coarse-grained entropy 
growth provided by it. This reasoning implies that the 
energy level in phase space for our DeSitter universe 
should broaden. Since the DeSitter horizon Hq classi- 
cally is a constant then at the classical level so is its 
entropy, constant and finite. But the thermodynamic 
arrow of time is determined by the entropy growth. 
At the classical level, it is not clear at all what hap- 
pens to the arrow of time during an eternal DeSitter 
epoch when its classical entropy remains a constant. 
These paradoxes indicate that we must search for an 
answer not at the classical level but by investigating 
the quantum dynamics of the gravitational degrees of 
freedom of the system. 

We showed in [l3|] that during an inflationary phase 
higher multipoles develop gravitational Jeans -like in- 
stabilities which illustrates the importance of the dy- 
namics of gravitational degrees of freedom. The en- 
tropy of the universe is lowered in the combined mat- 
ter -t-gravity inflating system. At early time, only 
patches inflating at high energies Aj, survived this 
instability. We discussed in 13|, |l4| how the mix- 
ing in the initial state must survive at late times, due 
to unitarity, (see also [l3|). The reduced density 
matrix obtained by integrating out the environment 
and super Hubble matter modes, gave a scale of mix- 
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ing and decoherence for our patch at initial times. 
It also provided us with the evolution equation of 
this mixing/coherence length at late times namely, 

The initial decoherence width described how fast 
the quantum to classical transition for our universe 
occurred at early times. The fact that the density 
matrix evolves with time [H,pr] ^ 0, [l^, [l4j illus- 
trates why, with gravity switched on, we should not 
be tempted to use equlibrium expression like P ~ e% 
again, and why we can not use causal patch observers 
for investigating this problem. The universe is in a 
mixed state and out-of equilibrium even at late times. 
How can it evolve to a pure state to reach equilibrium? 

Classically, the ultimate destiny of the A universe 
is a cold DeSitter space in thermal equilibrium, with 
finite final entropy S ~ 3/ A. Can an ultimate pure 
state be allowed for the DeSitter space? The envi- 
ronment in our investigation of the dynamics of mat- 
ter -|-gravity D.o.F., is made of the matter modes 
within our casual patch as well as the backreaction of 
higher multipoles with superHubble wavelengths. By 
losing matter inside our casual patch means we are 
losing part of the environment, which is very impor- 
tant in providing the Gaussian suppression for the off- 
diagonal elements of pr that ensure decoherence and 
a classical world. Gravity winning over matter seems 
to imply that we are evolving into a pure state, rather 
than a mixed state on the landscape phase space. But, 
if we assume a unitary evolution, we can not evolve 
in a pure state. Perhaps, even with matter gone, some 
degree of mixing must remain. This entanglement can 
come only from interaction with super horizon modes, 
i.e. from 'out-of-the box'. In fact it does. In the 
DeSitter stage, the environment comes from the en- 
tanglement and interaction of our DeSitter patch with 
the higher multipoles [l3|. The dynamics of this mixed 
state is highly nontrivial and we set to explore it be- 
low. 

Many authors have discussed the discrepancies and 
apparent paradoxes that arise from a finite DeSit- 
ter entropy in the final state of the universe. In 
0, 0, S, Ei authors point out that a finite entropy 
implies a finite size Hilbert space which is incompat- 
ible with DeSitter symmetries 50(^,1). Meanwhile 
in (20| by geometric arguments, authors realized that 
DeSitter s pac e may be unstable, in accord with our 
results in [13|, |l4|. Authors of [7[ then argued that 
perhaps DeSitter state is metastable on the landscape 
and it either goes through a Poincarre cycle or tun- 
nels to lower energy vacua. The decay time for tun- 
neling to lower states T/ seems shorter than the re- 



currence time Tr, Tf 



', where 5*0 



is the vacua entropy and Sf the fluctuation entropy 
that would take the state to the top of the potential 
and allow it to roll the other way into the lower en- 
ergy vacua. This picture fits well with eternal inflation 



where many pocket universes at different energies are 
created and transition among them possible. The pos- 
siblity that a DeSitter state is not eternal but rather 
metastable due to tunneling to lower energy states, is 
certainly plausible. 

But, even if it sounds unlikely, what if A is a globally 
fundamental scale, i.e suppose that this DeSitter state 
has no other lower state to tunnel to? What then? 

Let us show that even without tunneling, a DeSitter 
state is not just metastable, but gravitationally it is 
a catastrophically unstable state. We show here that 
even before it becomes metastable from tunneling, the 
growth of gravitational instabilities force the DeSitter 
patch to reverse its arrow of time by hitting a turning 
point in its trajectory in phase space. We show this 
phenomenon occurs in time scales of order roughly 
horizon scale, Tcmnch — \/A which is exponentially 
shorter that tunneling time T/.This result would be 
in huge disagreement with observations. We do not 
observe a reversal of the arrow of time in our DeSitter 
universe, in time scales of the order of the age of our 
universe. 



Big Crunch Through Recoherence or a New 
Exclusion Principle? 

Suppose we are in the far future where we have lost 
almost all matter contact from our casual patch. As 
we discussed above, the only environment we are left 
with now comes from the backreaction of the super- 
Bubble matter modes, i.e matter fluctuations of order 
DeSitter horizon Hq or larger. We would like to know 
the evolution of the wavefunction for our universe, 
and the evolution of the density matrix. The latter 
will describe the effect of the interaction of superhori- 
zon modes on our DeSitter geometry.Proceeding as in 
[13], let us assume that within the WKB approxima- 
tion, the wavefunction is given by, ^'[a, /„,0] ~ ef, 
^ = ^-oHnV,,, S ~ So + Y.r,Sn\fl whcre fluctua- 
tions /„ correspond to an expansion around zero of 
the matter field (j) ~ 0(0) + E„/„(a)(5„(x), which can 
be written as 



(1) 



The Wheeler-DeWitt Master Equation, that in- 
cludes the backreaction iJ„ of matter higher multi- 
poles /„ [33! is obtained from the quantized Hamilto- 
nian 



n 

acting on the wavefunction, 0,0] 



(2) 
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*(a,0o), (3) 



where the angular brackets denote expectation values 
in the wavefunction ip^ and i7„ denotes the backre- 
action correction from interaction with the supcrhori- 
zon fluctuations /„. The potential term of the back- 
reaction corrections during a nearly DeSitter phase 
0, [l^ , calculated from the inhomogenous matter per- 
turbations in Qjto second order, is 



n6a 



-2a 



± 



with 



^ a/a at present and U± sign correspond- 
ing to the interaction coming from subHubble(-l-) or 
superhorizon(-) multipolcs respectively, as summa- 
rized in the Appendix. During the DeSitter stage the 
backreaction energy density < Uf^ > becomes neg- 
ative, U = since our environment contains only 
the modes with wavenumber n < qHq i.e with su- 
perhorizon wavelengths [3. The index refers to 
present day values and Hq ~ VX is the present De- 
Sitter Hubble constant, with a the scale factor. This 
negative contribution yields an oscillatory correction 
to the action and it gives rise to tachyonic fluctua- 
tions in Eq|31 The backreaction hamiltonian, during 
the DeSitter stage with curvature A, is roughly 



(4) 

with a — Log[a], i7„ ~ T,nUnfn where matter 
fluctuations < >= 0{Hq). During the matter 
dominated phase the superhorizon modes are nearly 
frozen thus their kinetic term contribution can be ig- 
nored. During the DeSitter phase with vacuum energy 
A, our environment consisting of superhorizon mat- 
ter fluctuations, contributes a negative backreaction, 
fnUn — "(n/A — n^/a^)/^, as can be seen from the 
expression that [/„ < is negative for the superhori- 
zon higher multipoles n < aHo, 0, U^. This negative 
contribution drives the the gravitational instability of 
the massive superhorizon size modes /„, that is, dur- 
ing the DeSitter stage /„ modes start growing expo- 
nentially with time, (see the Appendix and [13] for 
the /„ equation of motion). 

The correction term to the wavefunction satis- 
fies the following equation 



at 



(5) 



which for the modes n < uHq with Hq our present 
DeSitter horizon, and Un < gives a solution of the 
form, ^fji ~ e~2/r.'S'"(a) ^}^g].g^ ^j^g WKB 2nd order 



correction term to the action is Sn — i J a^Un '^^'^"^ . 
Since f/„ < and S'„ is not real in this regime, then 
this correction breaks the finitiness condition [34| . 

Perhaps a better way to see the role of the super- 
horizon size nonlocal entanglement of our DeSitter 
patch with /„, or equivalently in the phase space de- 
scription, the effect of the backreaction term on the 
classical path of the wavefunction is by integrating 
out the Friedman-like equation which includes the en- 
tanglement term. This equation is obtained from the 
generalized hamiltonian in the Master Equation Eq[51 
which contains the backreaction energy, 



aH^ = 



(6) 



where A = SM^Hq. The last term comes from the 
backreaction of the higher multipoles k = n/a < Hq 
thus it is negative during the DeSitter stage as ex- 
plained above. A rough estimate is obtained by sum- 
ming over all the superhorizon modes, 'S^lj^^ < Hn >, 
where ^k=ii/a=H ("•/'^)^'^'^/n — a^^o- (Below we take 
SttGjv = 1 unless explicitly stated). From EqlH] we 
can see that our classical trajectory reaches a turning 
point in phase space, ct* = 0, during a finite time a* 
given by 



A 



(7) 



This means that due to the gravitational instabil- 
ity developed by the tachyonic superHubble modes, 
Un < 0: our DeSitter space goes through a crunch in 
real spacetime or a turning point in phase space in a 
time given by the condition o* = 0{Ho). Solutions to 
EqnlS]allow us to estimate the time, t, that the transi- 
tion takes to go, from the regime of a classical large A 
dominated DeSitter universe with scale factor a and 
Hubble expansion, i7o, to the quantum regime of the 
Universe as it approaches the crunching turning point, 
where the scale factor, a — *■ a* becomes very small and 
the Hubble expansion rate, d ^ a, = approaches 
zero. This solution is 



a{t)^{^)Cosh^[\H,{t~U)] (8) 

Clearly when t —^ t^, we have a a^, i.the universe's 
scale factor is reducing to a very small size and the 
turning point is approached at time t*. Prior to the in- 
stabilities growth, in the regime where the universe is 
a classical A dominated DeSitter space i.e. for t <C t*, 
we see that the scale factor a is nearly exponentially 
large and, corresponding to that of a large DeSitter 
space. We can readily estimate from our solution, 
Eq\8\that the time At — (t — t^,) the Universe takes to 
transit from a large classical regime with size given by 
the Hubble radius,a — rug, to a small quantum regime 
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a = a* is At ~ roughly about 122 times the De- 
Sitter Hubble time.This is an amazing result, nothing 
short of an uncertainty principle! In this work, by 
taking into account the quantum dynamics of grav- 
ity, Eqn.(7), leads us to an uncertainty principle for 
our quantum cosmological 'intrinsic clocks' given by 
a{t) for the DeSitter system with size Hq^ namely, 
a{t)H^^ ~ Ip where Planck length Ip is unity in Planck 
dimensions. Using the solution for a{t) in Eqn.® this 
result can be translated into an uncertainly principle 
for the physical time t of the DeSitter patch, given by 
AtHo = AN ~ Log[M^/A] where AN is the number 
of efoldings that have crossed the horizon since the 



the evolution of p is 



inflationary time, i.e. deflned by a 



It is reas- 



suring that although DeSitter space is eternal at the 
classical level, our findings for a catastrophic collapse 
of DeSitter space at the quantum level during the time 
interval At due to nonlocal entanglement and the dy- 
namics of gravity, are consistent with the uncertainty 
principle. Furthermore, the interpretration we off'er 
above for the nonlocal entanglement of the superhori- 
zon modes performing a quantum measurement on 
the DeSitter patch is now justified by this uncertainty 
principle. (Notice that in the above Eqnl6]we have not 
included the matter and radiation contribution to the 
energy density of the Universe, as we are interested 
here in investigating the transition regime when the 
Universe is becoming a DeSitter one,i.e from the time 
when A dominates over the other components, and on- 
wards. Subsequently the solution found for a(t), EqEl 
reflect that fact through the nearly exponential time 
dependence, the Cosh^ term.). 

Since our classical trajectory (j){a) goes through a 
turning point induced by the gravitational instabili- 
ties of backreaction in the DeSitter epoch, ^ = 0, it 
follows that after losing casual contact with the inter- 
nal environment, the universe becomes quantum again 
as we approach the turning point in a time a* . If ob- 
servers bound to the causal patch survived while the 
universe is transiting to a quantum state, they would 
perceive the arrow of time as being reversed near the 
turning point. However notice that very close to the 
turning point, the WKB approximation breaks down, 
therefore the concept of time and any statement about 
what could be observed becomes very fuzzy. A bet- 
ter estimate as to when effects related to 'recoherence' 
display a significant effect in our universe, is obtained 
from the density matrix below, Eq.(ll). 

We would like to explore the evolution of the den- 
sity matrix p and the Gaussian suppression width, in 
order to understand better the effect of the interaction 
of superHubble modes with the DeSitter geometry and 
the (re-) appearance of a quantum world during the re- 
versal of the arrow of time near the turning point. We 
exhibited in [13] that the phase space is not conserved 
due to these interactions. The equation that governs 



(9) 



After exit from inflation, during a matter domi- 
nated universe, the matter environment within our 
casual patch provides a strong supression in the off- 
diagonal elements oi p 15 1, with width given by f^^^. 



(10) 



(Note that a large ^Iji means high squeezing in <f> but 
a broad wavepacket in the conjugate momenta of 
(j) ). We can now obtain the evolution of p by solving 
Eqini for late times, when the small vacuum energy 
A starts dominating the total energy density in the 
Universe, -ff,by including the effect of backreaction 
term. Solutions to Eql9]give the following 



(11) 



The second term is the correction coming from the 
backreaction correction, where p? ~< ^^[1 — 

i(^^^)^]/^ >. The flrst term is much studied in 
literature, (see e.g.[lB|). For the sake of illustration, 
we can use as an approximate estimate for the first 
term VLr the results obtained in e.g [l3|. Clearly, 
/i^ < for the backreaction of superhorizon modes 
n < •\/2/ SaHo , on the DeSitter Universe. We can 
therefore see that the total Gaussian suppression in 
EqUH ^ — + p"^] is decreasing and approaching 
zero fast as p^ ~ YinSnfn becomes negative. 
The reduced density matrix: 



p = / vI/(a>,/„)*(a',0',/;)n„c{f„C 

po ^ (^'o(a,0)*o(a''/'')> 
~ p{a,a')e~ 



(12) 



Note that since p^ < 0, we effectively have ^ = 
^ — As ^ ^ the classical trajectory in phase 
space (f> is spreading thus losing its classicality and be- 
coming highly quantum. The increasing width of 
the Gaussian cross-term of the density matrix p de- 
scribes the braodening of the wavepacket during the 
transition to a quantum universe. What effects would 
we observe as the universe is going toward the transi- 
tion? This is a difficult question since near the turning 
point, the width of the Gaussian suppresion goes to 
infinity, thus the WKB approximation breaks down 
at the turning point. Hence, if we were to speculate 
as to what may we observe away from the turning 
point where the semiclassical treatment is still valid. 
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as the broadening of the wavepacket is becoming com- 
parable to the difference between neighboring energy 
levels ^i, </»', then we would probably expect to see an 
inhomogenious growth of anisotropies in the sky and 
probably different values of A and quantum numbers 
in different parts of the sky, i.e. the opposite of the 
decoherence effect in the early universe [lO[. 

Varying the above action of matter -|-gravity, S = 
Sg + Y.nSn,backreac and usiug the 0(a) trajectory equa- 
tion of motion, we can obtain the turning point for (f> 

by the condition = which gives a* ~ using 

the expressions above for fi and the time evolved so- 
lution p .During a DeSitter phase in a time a*, the 
Gaussian width that suppresses the off-diagonal ele- 
ment of pr in (j) space is increasing due to the develop- 
ing instability, pr ~ e"["«""''''l"*('^"'^')^ The energy 
level in phase space is broadening in the landscape 
coordinate (j). By the uncertainty principle a broad- 
ening in (j) means high squeezing in the space of its 
conjugate momenta p,/, since A^Ap^ ~ 1. Thus the 
big crunch in real space and the quantum recoherence 
in our universe as it goes through its turning point 
in phase space. We can estimate the entropy of the 
DeSitter universe as it is heading through its turning 
point by noting that the Euclidean action is the en- 
tropy of the system. Roughly, S ~ \rDeSitter-rfJ'^ ~ 

{^J^— 2^3/2 ) ~^ 0. This means that the total entropy 
for the DeSitter state including its horizon size fluc- 
tuations goes to zero at a* ~ 0(\/A), [35], as the 
universe becomes quantum through its turning point 
in phase space and big crunch in real space. That is 
to say that the allowed volume in phase space for this 
classical configuration shrinks to a point ie it is nearly 
zero. And so is the dimension of the Hilbert space for 
it. This implies that there are no states available in the 
Hilbert space for a DeSitter universe. 

What have we learned 

The analysis carried in this work illustrates the fact 
that superhorizon nonlocal entanglement and the dy- 
namics of gravity can not be ignored during a DeSitter 
era. When the DeSitter Universe loses causal contact 
with the internal environment, its only interaction left 
is with the higher multipoles. During this stage the 
DeSitter patch recoheres and ends up with its quan- 
tum entropy, which is zero, due to developing Jeans 
like instabilities. An immediate consequence of this 
statement is that the arrow of time is reversed within a 
time a* during the DeSitter phase, due to the appear- 
ance of coherence and broadening of levels, as the Uni- 
verse heads towards its gravitationally induced turn- 
ing point. Although the universe becomes quantum by 
being superimposed to its own reversed copy and other 
patches at its turning point, we as internal observers 



perceive this reversal as a catastrophic crunch in our 
patch. The details at the turning point depend on 
the boundary conditions imposed on \E'(a*). However 
at the turning point the quantum universe is superim- 
posed to its own time reversed copy and possibly other 
patches such that its momenta in phase space squeezes 
to nearly zero. The instability time when this phe- 
nomena occurs is, as we have shown here, a* ~ 0{Hq). 
This timescale is exponentially shorter even than the 
tunneling time, if the metastable DeSitter space could 
lower its energy by decaying. Tunneling to other vacua 
may not help save the DeSitter Universe. Due to 
the quantum dynamics of gravity this unstable state 
crunches catastrophically by becoming quantum dur- 
ing the time scales that it would have reached its final 
equlibrium and settle into a pure state. The mixing 
does not allow DeSitter space to evolve and settle into 
a classical and pure equilibrium state with constant 
entropy at the end. Instead as the universe is trying 
to reach its DeSitter equilibrium, this entanglement 
induces a violent transition to a quantum universe for 
the final state of the DeSitter space. This recoherence 
occurs much before the universe can tunnel through 
to a lower energy configuration. As the DeSitter uni- 
verse is becoming unstable, internal observers in this 
patch, perceive their thermodynamic arrow of time as 
being reversed during a timescale a* of order Hubble 
time. Clearly we dont observe this in our universe. 
This fact in combination with the result that the vol- 
ume of phase space for DeSitter states is zero leads 
us to conclude: Nature forbids the existence of a pure 
cosmological constant. 

COMMENTS 

Then what are we to make of the observed acceler- 
ation of our universe? Based on the above analysis, 
we would predict that this acceleration is a temporary 
bleep due to some dynamic or transplanckian field and 
not our final destiny due to a fundamental scale A in 
nature. Observations will soon tell us whether this 
is true or false. In our analysis we assume general 
relativity as the theory of gravity and the validity of 
quantum mechanics. If it turns out that we observe 
a pure A then this must signal the breakdown of the 
general relativity in the IR regime and the emergence 
of a new theory of gravity by which our arguments 
above would not hold. It is though entirely possible 
that, just like the second law of thermodynamics, we 
may have a new empirical law in nature, let us call it 
the 'Entropy Exclusion Principle', that is:Nature Does 
Not Allow a Fundamental A. 

How can these predictions be tested? The com- 
bined observations from SNla, large scale structure 
LSS and, CMB, from existing or upcoming experi- 
ments like Planck, SNAP and LISA, will soon be able 
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to pin down whether the equation of state of dark en- 
ergy is a constant or if it evolves with time[2^. We 
concluded here that if it turns out we do observe a cos- 
mological constant then gravity must be modified in 
the ultralarge scales, the IR regime. A modified the- 
ory of gravity would leave a strong signature on large 
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scale structure of the universe [21 
experiments e.g. (2^ and weak lensing tomography 
for LSS would reveal such deviations and test our pre- 
dictions. 

It is interesting to note that the initial and bound- 
ary states are selected by the same superselection rule 
in phase space. Without a precise knowledge of quan- 
tum gravity and the phase space for the wavefunc- 
tions, we can only speculate as to what happens next: 
if quantum mechanics remains valid deep into the 
quantum gravity realm then, after the turning point 
crunch, for example with a boundary condition ^E* = 0, 
the 'DeSitter' universe would travel its reversed path 
in the trajectory towards its initial point [11], there- 
fore completing one of its cycles between initial and 
final states. In this recycling the universe bounces be- 
tween classical and quantum in each turning point, 
thus a classical world would be only an intermedi- 
ate stage when the universe is away from the turning 
point in its trajectory. Near the turning point the 
wavepacket would spread out by disintegrating into 
its many components and thus the Universe would 
behave as a quantum system. However decoherence 
in each cycle takes its toll: each cycle gets shorter and 
shorter due to the shifting of the energies by the in- 
teraction with states. (The shifting of the energy is a 
well known result in particle physics when a particle 
interacts with a field than its trajectory is modified 
due to its energy shift by interaction [16|.). It is pos- 
sible in this picture that after many such cycles, with 
shorter and shorter trajectories, the universe will spi- 
ral in to one point and disappear. Could this specula- 
tion provide us with a mechanism for DeSitter space 
evaporating away its A during its recycling in phase 
space? 

I would like to thank R. Holman for valuable dis- 
cussions and comments. LMH was supported in part 
by DOE grant DE-FG02-06ER41418 and NSF grant 
PHY-0553312. 



APPENDIX 

Here we summarize the calculation for the backre- 
action potential term U-{a,4>), of EqlSl Based on 
Ref . 0, y, [l3| , a time parameter t is defined for WKB 
wavefunctions of the universe such that the equation 
for the perturbation modes ipn in the wavefunction can 
be written as a Schrodinger equation and be consis- 
tent with Einstein equations. If S is the action for the 
mean values a, 4> for a nearly DeSitter state with scale 



factor a — Log[[a\ and vacuum energy given roughly 
by A ~ 1/2 (m^0^), then by defining the parameter 
y = {dS/da) / {dS/dcj)) ^ a/<j), one can write in the 
second order WKB approximation, [1,0]: 



-|- dm^y^^c/)^ — 6m^2/~^(/)} . 
During the nearly DeSitter stage, S 



3 me (pi 



(13) 
-1/ 

-l/3e^"^/A, where 0inf is the value of 
the field during inflation, so that y — 3(f>ini- Thus long 
wavelength matter fluctuations are amplified during a 
vacuum energy dominated universe, and driven away 
from their ground state [i|.This is not the case for 
a matter or radiation dominated universe. When the 
universe exits the DeSitter stage, the wavepacket for 
the universe is in an oscillatory regime, y is large so 
that the potential U{a^(t>) changes from J7_(a, 0) to 
C/+(a, (/)), where 



U±{a, 



„6q 



1 



^ m 



(14) 



as can be seen from Eg. p^ . It is straightforward to 
check from the equation of motion for the superHub- 
ble perturbation modes that in this case, C/ = C/+, 
as it was shown in these modes are frozen in as 
in the conventional theory of perturbations. We can 
follow the evolution of these superHubble matter per- 
turbation during the second stage of a vacuum energy 
domination phase, by using the Schrodinger equation 
above. During the nearly DeSitter state in the future, 
these modes develop gravitational instabilities be- 
cause for reasons shown above, again U (acj)) < O.The 
matter perturbation modes /„ with n < uHq are cou- 
pled to the background gravitational potential, there- 
fore the main difference with the mechanism described 
in [isj for the instabilities during an early DeSitter 
stage, is that the scale of the curvature at late times, 
is of the order the low energy DeSitter Hubble horizon, 
VA. From Eq. 1131) we see that during a (nearly) 
DeSitter stage, the patches that have U{a, 0) < 0, 
which can happen for small enough physical wave vec- 
tor kn — ne^", develop tachyonic instabilities due 
to the growth of perturbations: ipn — e^^""e'''"'^, 
where — = U{a,(j))f^. Thus the solution for the 
wavefunction of the universe, in phase space given 
by *(a, 0, /„) = ^o{a,(l))Ilnipriia,(j>, fn) is damped 
in the intrinsic time a rather than oscillatory. The 
damping of these wavefunctions is correlated with the 
tachyonic, Jeans-like instabilities that develop in real 
space-time for the corresponding matter perturbation 
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modes, consistent with Einstein equations for matter 
perturbation /„; when U{a,(j)) <0, fn ^ e"*"''"*, while 
for U{a, (f)) > 0, the fong wavelength matter pertur- 
bations /„ are frozen in. The gravitational instabil- 
ities of matter fluctuation in real spacetime, can be 
seen from the equation of motion for 0, /„ obtained 
by varying the action with respect to these variables. 
For the tachyonic case U < universes, we have 



[16] 
[17] 



fn + 3Hfn + ^fn = 0, 



(15) 



From Eqn[T4]we can see that only during a DeSitter 
stage, when U < one obtains growing and decaying 
solution in spacetime roughly for /„ ~ e*^* and the 
growth of instabilites in the infinite number of super- 
Hubble matter modes /„ with < n < aHo which 
can eventually overcome the pressure of the vacuum 
energy on spacetime and drive the wavefunction of the 
universe away from its classical trajectory. 
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rately since they are decoupled from each other. 

[35] a result we could have expected physically, for a quan- 
tum DeSitter state but that is confirmed here by a 
different calculation 

[36] For a different choice of boundary conditions for the 
wavepacket in phase space, the reversed path can 
be very different from the forward one depending on 
what WKB wavefunctions in the wavepacket domi- 
nate the action in the reversed direction, in which 
case there may not even be a cyclic behaviour at all. 



Subtleties related to the boundary conditions at the 
turning point were investigated by Hawking and Page 
[29I for the case of closed universes, pointed out to 
me by R.Holman. It would be interesting to investi- 
gate the role of the choice of boundary conditions for 
*I'(a,) on the cosmological arrow of time, for DeSitter 
space but this issue is beyond the scope of the present 
paper. 



